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Effective field theory (EFT) approaches are widely used at the LHC, such that it is important
to study their validity, and ease of matching to specific new physics models. In this paper, we
consider a generic extension of the SM in which a top quark couples to a new heavy scalar. We
find the dimension six operators generated by this theory at low energy, and match the EFT to
the full theory up to NLO precision in the simplified model coupling. We then examine the range
of validity of the EFT description in top pair production, finding excellent validity even if the
scalar mass is only slightly above LHC energies, provided NLO corrections are included. In the
absence of the latter, the LO EFT overestimates kinematic distributions, such that over-optimistic
constraints on BSM contributions are obtained. We next examine the constraints on the EFT and
full models that are expected to be obtained from both top pair and four top production at the
LHC, finding for low scalar masses that both processes show similar exclusion power. However,
for larger masses, estimated LHC uncertainties push constraints into the non-perturbative regime,
where the full model is difficult to analyse, and thus not perturbatively matchable to the EFT. This
highlights the necessity to improve uncertainties of SM hypotheses in top final states.
I. INTRODUCTION
The potential discovery of new physics beyond the
Standard Model (BSM) remains one of the principal mo-
tivations of contemporary high energy physics research,
in both theory and experiment. Much attention focuses
on the top quark and its antiparticle, given that these are
the heaviest particles in the SM, whose behaviour is thus
likely to be particularly sensitive to BSM effects. Fur-
thermore, they are of fundamental importance when dis-
cussing the naturalness (or otherwise) of the electroweak
symmetry breaking scale, such that typical BSM scenar-
ios necessarily involve modifications of the top sector.
Their effects may then be easier to investigate experimen-
tally than purely electroweak processes (e.g. Higgs pro-
duction), owing to the relatively large production cross
sections of top particles at the Large Hadron Collider
(LHC) (see e.g. Ref. [1] for a recent review).
As is well-known there are, broadly speaking, two main
ways to investigate possible new physics. The first is to
assume a particular BSM theory, and to look for associ-
ated signatures, such as the resonant production of new
particles e.g. decaying to a top pair. This is necessar-
ily highly model-dependent, and lack of convincing new
physics signatures at the LHC to date instead motivates
the use of model-independent approaches. Chief amongst
these is perhaps effective field theory (EFT), in which one
considers the SM Lagrangian to be the leading term in
an expansion in gauge-invariant higher-dimensional op-
erators. One may then extend the SM Lagrangian by
these higher dimensional terms, where dimension six is
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the state of the art [2–8] (for a review see [9]). Each cor-
rection to the SM is suppressed by one or more inverse
powers of the new physics scale, and thus such a frame-
work is only applicable if this scale (e.g. a new particle
mass) exceeds the typical energy scales that are probed
in a particular collider of interest.
An intermediate approach between EFT and concrete
UV scenarios is represented by so-called simplified mod-
els (for reviews see [10–12]), which aim to reproduce a
broad class of kinematic properties of the full UV the-
ories parametrised by only a few additional propagat-
ing degrees of freedom and their couplings. The relation
to the EFT approach is that certain classes of opera-
tors have then been resummed to arbitrarily high mass
dimension, and certain extensions of the SM might be
particularly generic or well-motivated, e.g. Higgs mixing
models. Furthermore, experimental collaborations will
in any case investigate large classes of simplified models.
It is then instructive, for particular examples, to com-
pare the two techniques, particularly with regards to how
constraints from the approaches to new physics compare
with each other in different kinematic regions.
In this paper, we perform a case study of this idea in
the top quark sector, which has been the subject of a
number of recent EFT studies [13–41]. We will consider
a particular model, in which the SM is supplemented by
an additional scalar, whose behaviour is parametrised en-
tirely by its mass and couplings. We will calculate the
top pair production cross-section including the effects of
this new particle up to one-loop order, showing explicitly
which dimension six SM EFT operators are generated
upon taking the mass to be asymptotically large. Match-
ing of the EFT (see also [42–47] for generic approaches)
to the full theory can be performed at (next-to) leading
order ((N)LO) in the coupling space of the latter, so that
we have potentially three different descriptions of the new
physics: (i) the LO EFT description; (ii) the NLO EFT
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2description, in which more effective operators are gener-
ated; (iii) the full simplified model. We can then examine
the validity of each approach, and the ease of matching
EFT constraints to the full theory.
We will first focus on top quark pair production,
demonstrating explicitly that an EFT description can
provide an excellent approximation to the full model, as
expected. However, we will see that NLO corrections in
the EFT approach are particularly important, and that a
na¨ıve LO approach tends to overestimate kinematic dis-
tributions, such that its (invalid) application would lead
to over-optimistic constraints on new physics.
The operators examined in this paper also affect four
top production [26, 48, 49], which is actively being
searched for by both the ATLAS [50] and CMS [51, 52]
collaborations. We examine the projected constraints on
this process (and top pair production) that are expected
to be obtained after the high luminosity LHC (HL-LHC)
upgrade [53–55], and convert these into constraints on
the parameter space of the new physics model. We will
see that constraints from four top production are compet-
itive with top pair production, suggesting that the two
processes would have roughly comparable weights in a
global EFT fit. However, the extrapolated uncertainties
from both top pair and four top production lead to con-
straints that probe parameter space regions in which the
full theory is non-perturbative. For large scalar masses,
the width of the scalar resonance increases, such that no
meaningful constraint on the coupling is obtained in the
full theory. Thus, whilst constraints in the EFT descrip-
tion remain in principle valid and are possible, it becomes
impossible to match the EFT description to the full the-
ory of new physics, given that perturbative computations
in the latter are not obtainable.
Given the generic nature of this simplified model, we
hope that our results provide a useful case study for the
application of EFT at the LHC, which will inform prag-
matic discussions about how to apply this technique go-
ing forwards, and what can be learned (or otherwise)
about specific UV completions. The structure of our
paper is as follows. In Sec. II we introduce the sim-
plified model (of an additional scalar particle) that we
are considering, and calculate the corrections to top pair
production up to NLO. We furthermore explain how the
EFT description is obtained at low energy (relative to the
scalar mass). In section III, we present numerical results
for the top invariant mass distribution, and demonstrate
the validity of the EFT description, even at LO, when the
scalar mass is asymptotically large. We then quantify the
mass regime in which the NLO-matched EFT description
is a good approximation of the full theory. In section IV,
we examine the projected uncertainties on top pair and
four top production at the LHC, and examine the con-
straints obtained in the EFT at (N)LO, as well as the
full theory. Finally, in section V, we discuss our results
and conclude.
II. A SIMPLIFIED MODEL AND ITS EFT
LIMIT
In this work, we consider a simplified model with dom-
inant couplings to the top quark
LBSM = 1
2
∂µS∂
µS − 1
2
m2SS
2 − (cS t¯LtRS + h.c.) (1)
where S is a scalar field of mass mS . Provided the lat-
ter is greater than 2mt, where mt is the top mass, the
scalar S may directly decay into (anti)-top pairs, with
corresponding width
Γ(S → tt¯) = 3c
2
SmS
8pi
√
1− 4m
2
t
m2S
≡ c2S Γ˜ . (2)
Further contributions to the width arise from the fact
that S can couple to gluons and photons via a top quark
loop, analogously to the SM Higgs boson. One then finds
the partial widths [56–62]
Γ(S → gg) = c
2
Sα
2
sm
3
S
128m2tpi
3
|F (xt)|2 , (3)
Γ(S → γγ) = c
2
Sα
2m3S
144m2tpi
3
|F (xt)|2 , (4)
where α, αS are the QED and QCD coupling parame-
ters, xt = 4m
2
t/m
2
S and F (x) is the well known fermionic
three-point loop function
F (x) = −2x [1 + (1− x)f(x)] (5)
with
f(x) = −1
4
[
log
1 +
√
1− x
1−√1− x − ipi
]2
. (6)
One has xt < 1 in the kinematic region (of large scalar
masses) in which the decay to top pairs is allowed. In
this case, although we include the loop-induced decays
for completeness, the prompt decay S → tt¯ dominates
over the entire considered mass range.
Our aim in this paper is to compare an EFT descrip-
tion of the theory of eq. (1) at low energy, with the full
theory, in order to assess the validity and interpretation
of the former. To this end, let us consider how this theory
leads to corrections to top pair production up to NLO in
the coupling of the scalar i.e. up to and including O(c2S).
Comparison with the EFT will then allow us to match
the two descriptions. Representative diagrams contribut-
ing to the gluon-induced process gg → tt¯ are shown in
fig. 1, where we do not consider SM electroweak contribu-
tions [63] (see also [64, 65]). In the SM, for heavy Higgs
bosons, it is known that the Higgs signal (with a large
QCD K factor [66, 67]) has sizeable interference effects
with the QCD continuum in gg → tt¯ [68–70]. This in-
fluences exclusion constraints, but is also a viable source
for new physics beyond the SM [20, 71–80]. The pre-
dominant focus of previous work was therefore devoted
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FIG. 1: Representative 1-loop Feynman diagram contributions to gg → tt¯ arising in the simplified model of eq. (1).
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FIG. 2: Representative counter term contributions to gg → tt¯.
to isolating the resonance shape and cross section, which
is not our focus here. Note, however, that loop effects
and their relation to (Higgs) effective field theory were
first discussed in [81–84].
For our analysis, we implement the leading or-
der, virtual and counter term (fig. 2) contributions
for qq¯, gg → tt¯ production at O(c2S) in a modi-
fied version of Vbfnlo [85–88] which links Form-
Calc/LoopTools [89, 90]. Various analytical compar-
isons against alternative calculations as well as numer-
ical cross checks of leading order amplitudes have been
performed using MadGraph [91]. We use the on-shell
renormalisation scheme, and have verified UV finiteness
both analytically and numerically for the gg and qq¯ chan-
nels independently. We use real masses throughout this
work, but note that the discrimination of signal and back-
ground can have shortfalls when the scalar width be-
comes comparable to the resonance mass [92–96], which
is indicative of a loss of perturbative control [97].
We now turn to the effective theory description of the
model of eq. (1) at low energies or, equivalently, when
the scalar mass mS is taken to be large. Integrating out
the heavy scalar generates two dimension six operators
that enter the processes considered in this paper. The
first of these is a modified gluon-tt¯ interaction, described
by the effective operator
OtG = Q¯LΦctaσµνtRGaµν , (7)
(and its Hermitian conjugate) where Φc = iσ2Φ∗ is the
charge-conjugated SM Higgs doublet. The second is
a four-fermion operator involving four top quarks, and
given by expanding the scalar propagator for large mS in
relation to its four momentum q2,
(t¯t)
1
q2 −m2S
(t¯t) −→ − 1
m2S
(t¯t)2 = − 1
m2S
Ott (8)
see e.g. fig. 3. In four top production, the operator of
eq. (8) enters at tree-level in the EFT, as illustrated in
figure 3, whereas the operator of eq. (7) is not relevant.
In top pair production, the operator of eq. (7) enters at
tree-level in the EFT, via diagrams whose topology is
the same as the upper three diagrams in figure 2. On
the other hand, the four top operator of eq. (8) occurs
in loops, as shown in the diagrams of figure 4. A LO
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FIG. 3: (a) Tree-level graph in the theory of eq.(1) contributing to four top production; (b) tree-level contribution in the EFT
description upon integrating out the heavy scalar, where the grey blob represents the operator of eq. (8).
g
g
t
t
g
t
t
g
g
t
t
t
t
t
g
g
t
t
t
t
t
g
g
t
t
t
t
t
g
g
t
t
t
t
t
!
q
q
t
t
g
t
t
FIG. 4: Representative 1-loop Feynman diagram contributions to gg → tt¯ arising in the effective theory formulation of eq. (1),
the shaded region represents a four top insertion.
application of EFT in the present context would corre-
spond to including the two operators of eqs. (7) and (8)
in all relevant tree-level diagrams for top production pro-
cesses, and using experimental data to impose constraints
on combinations of their (a priori undetermined) coeffi-
cients. However, the fact that both operators are gener-
ated in top pair production at loop level in the full theory
means that they mix with each other in the EFT. This
effect can only be captured by going to at least NLO level
in the latter.
We have performed such a calculation, and in doing
so it is necessary to include the diagrams of figure 4,
which contain the four-fermion operator in a loop. These
contributions require addtional UV counterterms which
are not present in the full theory but which renormalise
the EFT operators. For illustrative purposes, we show
the counterterm graphs in the gluon channel in figure 2.
Renormalisation of the UV divergences is performed in
the MS scheme, and we have checked UV finiteness of
all of our expressions for the final amplitude. In the LO
EFT, the Wilson coefficients ci of the operators Oi in
eqs. (7, 8) are in principle undetermined in general sce-
narios. Following renormalisation at NLO, these will no
longer be constant, but instead run with energy. Further-
more, our use of a specific model of new physics at high
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FIG. 5: Matched value of ctG for different matching scale
choices and scalar masses as detailed in the text.
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FIG. 6: BSM interference contribution as a function of the invariant tt¯ mass for gluon fusion (left) and qq¯ annihilation, neglecting
the Z contribution. As the interference changes sign we choose to plot the absolute value of the interference for clarity. We
choose mS = 2 TeV and cS = 0.1.
energy means that we can fix their values by matching
the full theory and (NLO) EFT calculations at a suitable
matching scale µM , which we choose as mS/2 in the fol-
lowing unless otherwise specified. We extract ctG as the
finite remainder after subtracting the MS-renormalised
four fermion one-loop insertion from the EFT operator
that is induced by the propagating S. Note that it does
not require UV renormalisation as opposed to the four
fermion insertion. The dependence of ctG on the match-
ing scale is shown in figure 5.
As for the full simplified model calculation described
above, we have implemented our matched NLO calcula-
tion in a modified version of Vbfnlo [85–88].
III. VALIDITY OF EFT AT (NEXT-TO)
LEADING ORDER
In the previous section, we outlined a particular sim-
plified model for new physics in the top quark sector, and
explained how this can be matched to an EFT descrip-
tion at low energies. In this section, we analyse the range
of validity of the latter, as the mass of the scalar particle
is lowered towards LHC energies. We will illustrate our
results using the invariant mass distribution of the final
state tops in top pair production, although similar results
would be obtained for other kinematic distributions.
In figure 6, we show the contribution to the invariant
mass mtt¯ stemming from the interference between the
new physics process, and the SM contribution,
dσ(tt¯) ∼ 2Re
(
MSMtt¯ M∗ virt/d6tt¯
)
(9)
where virt/d6 represents the propagating-S contributions
or their dimension six EFT counterparts, for a scalar
mass of mS = 2 TeV. Three different curves are shown.
The blue curve shows the result obtained from the full
theory of eq. (1), with all dynamics correctly included.
The red curve shows the results of our NLO-matched
EFT calculation. Finally, the green curve shows the re-
sults of applying a LO EFT approach. To obtain the lat-
ter, we have turned on the single operator coefficient ctG
occurring in the EFT at tree-level, and fixed its value by
matching to the cross-section at low invariant masses. We
see that the EFT and the full computation agree well, as
long as we are away from the turn-on of the scalar Breit-
Wigner distribution. A na¨ıve approach based on fitting
ctG alone never reproduces the correct shape. This be-
comes even more transparent when we push the scalar
mass to larger values, e.g. mS = 5 TeV in figure 7.
The NLO and EFT approaches agree very well, with the
turn-on of the scalar exchange only leading to mild cor-
rections for large values of m(tt¯) in the (dominant) gluon
fusion component. Again as expected, the LO EFT ap-
proach now deviates significantly. In particular, fixing
the coefficient of ctG at low energies leads to a drastic
mismodelling of the shape of the invariant mass distribu-
tion, with a significant overestimate of the high mass tail.
As we will see in the following section, this can lead to
an overly optimistic constraint on possible new physics
effects, for the model that we consider here.
In fig. 8, we indicate the validity range when comparing
full theory and EFT computation (for a general discus-
sion see [98]). The parameter mmax(tt¯) denotes the en-
ergy scale at which the NLO EFT and full computations
deviate beyond the indicated percentages for cS = 1. In
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FIG. 7: Like fig. 6 but choosing mS = 5 TeV and again cS = 0.1 to demonstrate the broad range of agreement for heavy scalar
masses probing the LHC kinematical coverage.
this comparison we also include the squared resonance
contribution. Note that for this coupling choice, the
width remains at ' 0.1 mS leading to the turn-on of
the Breit-Wigner distribution becoming resolvable in the
direct comparison. This turn-on cannot be resolved when
background uncertainties are included (see below).
Our results in this section confirm the possibility of
obtaining an accurate EFT description of the simplified
model of eq. (1), which is generic enough to apply in
multiple contexts, including singlet Higgs mixing scenar-
ios and multi-Higgs doublet extensions. A key issue fac-
ing contemporary global EFT fits is whether or not to
pursue the effort of carrying out a full NLO calculation
for all processes and observables considered. The latter
requires a considerable effort (see e.g. [37] for a recent
example), although the intermediate possibility also ex-
ists of including renormalisation group mixing effects be-
tween dimension six operators, but neglecting additional
contributions that are non-logarithmic in the matching
scale. The importance of NLO effects in the present case
is ultimately due to the fact that of the two operators
that are sourced in the low energy description, one is
tree-induced but the other is loop-induced. Our example
thus clearly shows the need to bear such considerations in
mind when trying to match EFT constraints to specific
new physics models.
IV. LHC COMPARISONS, RESULTS AND
EXTRAPOLATIONS
Both top pair and four top production are being ac-
tively measured at the LHC, and will play a crucial role
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Higgs resonance contribution. mmax(tt¯) indicates the invari-
ant (anti-)top mass, at which the relative difference becomes
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in searching for new physics in the top quark sector in
the coming years. To this end, it is instructive to ex-
amine the sensitivity that the LHC is likely to achieve
following its high luminosity upgrade, with an expected
3 ab−1 of data. We will do this here for two scenar-
ios. Firstly, we will constrain the full simplified model
of eq. (1) directly. Assuming a given uncertainty for the
above-mentioned processes leads to exclusion contours in
the (mS , cS) parameter space, shown in figure 9, where
anything above a given curve (i.e. for stronger couplings
cS) is excluded. Secondly, we will assume that an NLO
EFT analysis has been applied, leading to constraints
7on the coefficients of the new physics operators OtG and
Ott. By matching with the full theory as described pre-
viously, constraints on the operator coefficients can also
be converted to curves in the (mS , cS) plane.
The top pair production cross section is currently
known at NNLO precision [99, 100] (see also [101]).
Given the large cross section, the theoretical uncertainty
will be the limiting factor of physics in the top sector
(see also [24]). In fig. 9, we show the sensitivity of the
LHC under the assumption that the unfolded mtt¯ dis-
tribution can be described at an optimistic 3% level us-
ing a binned χ2 test as detailed in Ref. [15]. For this
particular error choice the EFT and full theory agree-
ment happens to be at the perturbative unitarity limit
of c2S ' 8pi that can be derived from tt¯ → tt¯ scatter-
ing. A larger error budget quickly pushes the constraints
deeply into the non-perturbative regime. On the other
hand sensitivity to cS ' 1 requires per mille level uncer-
tainties. These are beyond the current state-of-the-art.
As can be seen, for large scalar masses where the EFT
reproduces the full model expectations both approaches
are compatible. At lower masses, tighter constraints are
obtained in the EFT than in the full theory. This is due
to the systematic tendency (visible in figures 6–7) of the
EFT to overestimate the full theory due to the absence
of absorptive parts in the region where the scalar contri-
bution gets resolved. Thus, applying EFT alone would
result in overly optimistic reported constraints on new
physics, that would not be strictly valid. Note that in
this comparison we include the squared s-channel scalar
contribution with an approximate K factor ' 2.5 as this
significantly impacts the exclusion for the dynamic S.
Notwithstanding the accuracy at which the EFT man-
ages to approximate the full computation, we see that
hadron collider systematics do seriously curtail precision
physics in the top sector. Hence, a comprehensive top
programme that seeks to pinpoint new physics beyond
the SM outside the LHC’s kinematic reach will have to
be informed by more precise SM predictions.
One might argue that finding a contrived top-philic
new physics scenario is difficult to achieve in the first
place. However, for the scenario that we have investi-
gated there is the possibility to investigate four top fi-
nal states similar to existing analyses [26, 48, 49]. The
experiments have also performed extrapolations to the
HL-LHC, e.g. [53–55]. As the cross sections for this pro-
cess are relatively small, O(10 fb) [102, 103], statistical
and experimental uncertainties will be important. There
is reason to believe that the latter can be brought un-
der sufficient control and e.g. ATLAS have shown that
a sensitivity of 11% around the SM expectation can be
achieved [54] which is smaller than the current theoreti-
cal precision. It is not unreasonable to expect that the-
oretical predictions can be improved and we assume a
18% accuracy in the extraction of the unfolded tt¯tt¯ cross
section, which is slightly worse than the ATLAS extrap-
olation and the lowest bound provided by CMS [53].
We simulate four top events using MadEvent [91] keep-
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FIG. 9: 95% confidence level exclusion contours for the sim-
plified model of eq. (1) as a function of its mass mS and
top coupling cS . The blue solid contour shows the full result
(i.e. propagating S at NLO) while the blue dashed line corre-
sponds to the EFT calculation. For pp→ tt¯ we assume a flat
uncertainty of 3%. The solid red line represents a pp → tt¯tt¯
analysis of the simplified scenario using the extrapolation of
Ref. [54] while the dashed line represents the (LO) EFT four
top results (for details see text).
ing track of destructive interference effects that arise be-
tween the QCD and new scalar contributions. In the four
top case, these are much smaller than for gg → tt¯, we
find a typical mild correction of O(−10%). Constraints
on the parameter space from applying the full simplified
model, and the EFT approach, are shown in figure 9.
Given that there is a tree-level induced dimension six
operator in this process (i.e. the four-fermion operator),
we restrict the present discussion to LO only. For low
scalar masses the constraints are comparable. However,
for larger masses applying the full model directly leads to
very weak constraints. This behaviour is dominated by
the assumed uncertainties, coupled with the fact that at
higher masses in the full theory, the decay width of the
scalar (from eqs. (2)–(4)) becomes large. This decreases
the scalar contribution to four top final states to a large
extent, leading to a loss of sensitivity for the simplified
model in four top final states under our assumptions at
around mS ' 2.2 TeV. The Breit-Wigner cross section
distribution of the tt¯ system for large enough cS behaves
as ∼ Γ˜−2 (see eq. (2)), i.e. flattens out as a function of
cS such that the cross section constraint for large enough
cS is determined by the mass mS . This means that the
sensitivity translated to our simplified model calculation
is no longer under perturbative control. The EFT de-
scription, in principle, provides sensible constraints: it is
an expansion in inverse powers of the new physics scale
Λ ∼ mS , and thus becomes more accurate as mS in-
creases. However, the uncertainties drive constraints on
the coupling cS into the non-perturbative regime as mS
increases, so that it remains impossible to convert these
constraints into the language of the full theory of eq. (1),
due to the lack of a perturbative description in the latter.
8V. SUMMARY AND CONCLUSIONS
Effective field theory approaches are becoming a new
standard for the dissemination of LHC physics results.
In contrast to flavour physics where EFT methods have
been successfully employed over decades (see e.g. [104]),
the non-obvious scale separation of hadron collider mea-
surements that probe a broad partonic centre of mass
energy range makes their implementation less straight-
forward. In particular, operator mixing effects that are
sensitive to whether dimension six operators are tree- or
loop-induced in particular UV scenarios will shape the
phenomenology at intermediate scales and has to be re-
flected consistently in any limit setting procedure. In
this work we have examined a particular scalar simpli-
fied model with top-philic couplings that approximates a
broad range of UV scenarios, with the particular aim to
gauge the sensitivity reach of top quark final states at the
LHC. Top pair production processes with large cross sec-
tions are prime candidates to look for new physics effects
with statistical control. We demonstrate that the NLO
matching of the EFT and full model allows a broad range
of agreement of the two approaches, up to ∼ 3 TeV (in
e.g. the top pair invariant mass distribution) for order
one coupling choices of the simplified model. This agree-
ment can be pushed higher when couplings are such as to
reduce the Breit-Wigner-induced departure for invariant
masses below the resonance threshold. For our simplified
scenario we find that systematic limitations of top pair
measurements dilute the sensitivity to new physics ef-
fects in particular in the region where the EFT approach
(which is non-trivial in this context) provides an excellent
approximation to the UV theory. In this sense, repeat-
ing the Higgs discovery success story where precision ef-
fects allowed to constrain the Higgs’ presence marginally
outside LEP’s kinematic coverage seems unlikely when
pp → tt¯ is considered in isolation (i.e. no other compet-
ing BSM effects are present). Pivotal to changing this
situation is the continued precision calculation efforts for
SM processes, and tt¯ production in particular in our con-
text. In the concrete case of top-philic interactions as
expressed by the scalar model, subsidiary measurements
such as four top final states can provide additional sensi-
tivity. While these processes are considerably more rare
than top pair production at the LHC, they have direct
sensitivity to four top contact interactions which are clear
signs of top-philic interactions below their characteristic
scale. Including four top final states in leading order fits
is therefore crucial to achieve sensitivity to the scenario
discussed in this work, as an example for new physics
that predominantly talks to the top sector.
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